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I.  INTRODUCTION 


The  HCl  chemical  laser^’  ^ was  the  first  system  reported  in  which  a 
population  inversion  was  produced  by  a bimolecular  reaction,  in  this  case, 

H + Cl^— ♦ HCl  + Cl^  (1) 

Cornell  and  Kasper^  suggested  that  deactivation  of  HCl^  by  atomic 
species,  in  particular  Cl  atoms,  is  a limiting  factor  in  the  laser  performance 
subsequently,  several  independent  groups  supported  that  hypothesis  by  meas- 
uring the  rate  of 


Cl  + HCl(l)— ►Cl  + HCl(O) 


(2) 


12  3 4 

to  be  ~5.1  X 10  cm  /mol-sec  at  room  temperature.  Even  though  Cl  atoms 

are  in  higher  concentration  than  H atoms  in  the  H^-Cl^  chain  laser,  under  some 

experimental  conditions  and  for  other  HCl  laser  systems,  the  rate  of  H-atom 

quenching  of  HCl^  may  also  be  significant.  The  measurements  reported  here 

provide  a basis  for  such  a comparison.  The  results  are  discussed  in  the  context 

of  previous  experimental  and  theoretical  studies  on  the  H^Cl  system. 
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II.  EXPERIMENTAL 


■i 


'I 


.-•i? 


The  apparatus  has  been  discussed  in  some  detail  in  a previous  study  of 
the  kinetics  of  H + HF(v  = 1).  In  general,  only  the  modifications  to  that  system 
will  be  presented. 

Hydrogen  or  deuterium  atoms  are  generated  by  a microwave  discharge 
through  a mixture  of  H2(D2)  and  He.  The  mixture  of  H,  H2,  and  He  flows 
through  a 20-cm-long  section  of  1-cm  i.d.  quartz  coated  with  halocarbon  wax 
prior  to  entering  the  similarly  coated  2.2-cm  i.d.  pyrex  fluorescence  cell.  All 
experiments  were  conducted  with  He  diluent  at  total  pressures  of  1.6  to  2.5 


Torr  with  partial  pressures  of  H2  or  D2  between  0 . 1 and  1.2  Torr.  The  H(D) 

10 


atom  concentration  ranged  between  0.005  and  0.05  Torr  (between  2.7  X 10 


-9  3 

and  2.7  X 10  mol/cm  ).  HCl  injected  into  a flow  of  H atoms  is  subject  to 


removal  by  H-atom  abstraction  and,  in  the  case  of  a D-atom  flow,  by  Cl-atom 
abstraction.  To  minimize  these  effects,  a 3~mm-diam  teflon  tube  was  used  to 
inject  the  HCl(DCl)  into  the  main  gas  flow  only  2 cm  upstream  of  the  fluores- 
cence window.  At  the  average  flow  velocity  of  300  cm/sec,  the  time  for  reaction 
was  7 msec  before  the  HCl  reached  the  center  of  the  fluorescence  window. 

Despite  the  use  of  this  procedure,  substantial  removal  of  the  HCl(O)  or  DCl(O) 

was  observed.  For  example,  the  (HC1(0)]  was  reduced  by  a factor  of  2 at  a 
t T -9  3 

IDJ  1.2  X 10  mol/cm  . The  fraction  of  HCl  removed  at  the  fluorescence 
window  was  estimated  from  the  intensity  reduction  of  the  laser-induced  fluores- 
cence signal  since  that  signal  is  proportional  to  the  [HC1(0)]  at  the  low  concen- 


tration, one  can  obtain  reasonably  accurate  estimates  of  the  absolute  rates  for 


H and  D atom  removal  of  HCl(O)  and  DCl(O). 


. 6 
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In  addition  to  reducing  the  fluorescence  signal,  the  "prereactions"  cited 
above  introduce  Cl  atoms,  HD,  and  DCl  as  vibrational  deactivators  and  remove 
HCl,  D2,  and  Das  deactivators.  The  concentration  of  HCl  was  reduced  to 
~0.001  Torr  to  avoid  these  complications.  At  these  small  HCl  concentrations, 
it  was  necessary  to  employ  digital  signal  averaging  techniqes.  Results  ob- 
tained  for  H + HCl(v  = 1)  deactivation  at  high  HCl  concentrations  (~0.05  Torr) 
agreed  with  the  data  taken  at  the  low  HCl  concentrations.  Experiments  with  the 
other  isotopic  combinations  were  performed  only  at  the  low  HCl(DCl)  concen- 
trations. 

The  fluorescence  was  detected  with  an  InSb  infrared  detector  operated  at 
77  K;  the  resulting  signal  was  amplified  by  a Perry  Model  050  amplifier  and 
recorded  with  a Biomation  805  transient  recorder.  The  recorded  signals  were 
transferred  to  a NicoleL  Model  1072  signal  averager,  where  32  to  128  experi- 
ments were  stored  and  averaged  before  being  displayed  on  an  X-Y  recorder. 

The  gases  used  included  H^  (Matheson  Co.,  99.95%),  D^  {Oak  Ridge, 
>98%),  He  (Air  Products.  99.99%).  HCl  (Matheson  Co . . 99.  99%  in  liquid  phase), 
and  DCl  (ICN,  > 98%).  The  bottle  of  DCl  was  cooled  to  195  K,  but  otherwise 
was  not  purified.  The  He  (at  16  psia)  flowed  through  a Linde  5A  molecular 
sieve  trap  at  77  K before  entering  the  flow  tube.  The  remaining  gases  were 
used  without  further  purification. 

Results  obtained  with  the  and  D^  passing  through  a trap  at  77  K were 
indistinguishable  from  data  obtained  without  the  cold  trap.  No  power  change 
on  the  probe  was  n^easured  when  the  microwave  discharge  was  struck  in  He 
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with  the  K_(D;,)  completely  shut  off,  which  indicated  that  there  was  no 
discharge-induced  heating  effect  on  the  probe  and  that  no  impurities  in  the 
He  contributed  to  the  atom  measurement. 


III.  RESULTS 


The  time  history  of  the  HCl{v  = 1)  fluorescence  intensity  subsequent  to 
the  laser  excitation  was  recorded  with  no  atoms  present  {the  microwave  dis- 
charge turned  off)  as  well  as  with  the  H atoms  piesent.  A sample  set  of  fluores- 
cence traces  is  shown  in  Fig.  1.  Semilogarithmic  plots  of  the  fluorescence 
intensity  gave  straight  lines  from  which  exponential  decay  times  were  deter- 
mined. A set  of  data  that  includes  the  decay  times  in  the  absence  and 

presence  (t  ) of  the  microwave  discharge  is  listed  in  Table  I.  Ihese  data 
were  obtained  at  a total  pressure  of  ~2.  5 Torr  and  an  HCI  partial  pressure  of 
0.05  Torr.  The  change  in  the  decay  rate  A(1/t)  - can  be  directly 

related  to  the  H-atom  concentration  by^ 

A(1/t)  = - 1/2 

where  „ and  k are  rate  coefficients  for  HCl(v  = 1)  deactivation  by 

HCI-H  HC1-H2 

U and  Il2.  respectively.  Other  effects,  such  as  gas  heating  and  changes  in 
impurity  deactivation  were  negligible  contributions  and,  thus,  were  neglected 
in  Eq.  (3).  Figures  2 through  5 are  plots  of  A(1/t)  versus  (n]  and  [d]  for  the 

relaxation  of  HCl(v  = 1)  and  DCl(v  = 1). 

In  the  D + HCl(v  = 1)  experiments.  HCl(O)  injected  into  the  stream  of  D. 
D^.  arid  He  can  react  with  D atoms  by  one  of  two  channels 

''4 

D + HCl(O)  + Cl  (4) 
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Fluorescence  signals  from  HCl(v  =1)  obtained  with 
and  without  H atoms.  Average  of  32  traces; 

[HJ  =l.lx  10'9  mol/cm^;  { H2]  =2.1x  10"8  mol/cm^ 
[ HCIJ  ***  5x  10"^^  mol/cm^;  total  pressure  = 1.84  Torr 


[h],  X 10^  mol/cm^ 

Fig.  4.  Removal  rate  oi  DCl(v  * 1)  by  H atoms.  H-atom 
concentration  uncorrected  for  probe  position. 


[oj.  X 10^  mot/cm'^ 


Removal  rale  of  DCl(v  = 1)  by  D atoms,  D-atom 
concentration  uncoriected  for  probe  position. 


and 


(5) 


D + HC1(0)^=?  DCl  + H 

At  large  concentrations  of  D atoms  (~0.02  Torr),  the  peak  intensity  of  the 
laser -pumped  HCl(v  = 1)  fluorescence  was  reduced  to  less  than  half  the  intensity 
that  was  observed  without  any  D atoms  present.  The  removal  of  HCl  was  kinet- 
ically  controlled  since  the  large  concentration  of  D atoms  relative  to  HCl  would 
have  removed  a much  larger  fraction  of  the  HCl  if  equilibrium  had  heen  reached. 
Above  ~0.  04  Torr  of  D atoms,  the  decay  rate  A(1  /t)  did  not  increase  in  propor- 
tion to  increases  in  the  D atom  concentration,  but  rather  reached  a plateau. 

The  phenomenon  was  not  caused  by  the  response  time  of  the  detection  system 
but  appeared  to  be  correlated  with  the  large  fraction  of  HCl  removed  by 
Reactions  (4)  and  (5).  The  interpretation  of  these  oDservations  is  unclear,  and 
we  have  calculated  the  rate  coefficient  from  the  data  for  the  lower  pressures  of 
D atoms . 

The  two  sets  of  data  plotted  in  Fig.  2 were  obtained  with  ~0.  05  Torr  of 
HCl  for  the  open  circles  and  ~0.  001  Torr  of  HCl  for  the  closed  circles,  they 
were  taken  one  year  apart.  The  reproducibility  of  the  D + HCl  measurement 
was  not  as  good',  four  sets  of  data  are  shown  in  Fig.  3,  three  of  which  agree 
and  one  of  which  has  a slower  rate  by  a factor  of  0.7  5.  We  have  reported  the 
rate  indicated  by  the  three  agreeing  sets  of  data. 

For  most  of  the  experiments,  the  isothermal  probe  was  positioned  ~3.  5 
cm  downstream  from  the  point  at  which  fluorescence  from  the  laser-excited 
HCl(v  = 1)  was  monitored.  Probe  measurements  with  and  without  HCl  indicated 


that  the  H-atom  concentration  decreased  along  the  flow  direction  such  that  the 

actual  H-atom  concentration  in  the  fluorescence  volume  was  ~20  ± 10%  larger 

than  that  measured  by  the  probe  at  its  usual  downstream  position.  Measurements 

of  the  fluorescence  decay  rates  combined  with  atom  measurements  obtained  with 

the  probe  at  several  positions  also  indicated  the  20  ± 10%  effect  on  the  rates  for 

each  of  the  isotopic  combinations.  Therefore,  the  rates  calculated  from  the  data 

in  Figs.  2 through  5 have  been  reduced  by  a factor  of  1.2  to  reflect  this  probe 

position  correction.  The  corrected  rate  coefficients  are  listed  in  Table  II.  A 

value  of  1 X 10^^  cm^/mol-sec  for  was  taken  from  Refs.  7 and  8.  The 

9 10  ^ 

other  molecular  deactivation  rates  ’ are  negligible  contributions  to  Eq.  (3). 

We  have  assigned  uncertainties  to  the  results  in  Table  II  on  the  basis  of 
±10%  for  the  standard  deviation  calculated  for  each  set  of  data  and  ±20%  for 
systematic  error.  The  latter  comes  primarily  from  the  H-atom  measurement 
and  represents  possible  errors  in  the  H-atom  mass  flow  rate  (calorimetric 
probe),  He  mass  flow  rate  (flow  meter),  and  total  pressure.  The  relative  rates 
for  the  several  isotopic  combinations  have  smaller  uncertainties  than  the 
absolute  rates  since  the  systematic  errors  are  largely  the  same  in  each  case. 
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IV.  DISCUSSION 


The  results  of  the  four  isotopic  experiments  involving  H-  and  D-atom 
removal  of  HCl{v  = 1)  and  DCl(v  = 1)  are  given  in  Table  II  along  with  the  results 
of  a previous  experiment*^  and  a trajectory  calculation*^  for  H + HC1(  v = 1). 
Although  three  classical  trajectory  calculations  have  been  reported  for  this 
system,  only  that  of  Wilkins*^  is  directly  comparable  to  the  experiments. 

This  calculation  disagrees  sharply  in  magnitude  with  experiment,  but  there  is 
agreement**'  *^  that  for  the  two  distinguishable  reactions 


H + HC1(1)-S>H2  + Cl 


(6) 


and 


H + ClH(l)— i-  H + CIH(O) 


(7) 


» k^. 

In  an  extensive  review  article  on  three-atom  systems  involving  hydrogen 
and  halogens,  Parr  and  Truhlar*^  described  the  sensitivity  of  semiempirical 
potential  energy  hypersurfaces  to  the  exact  method  of  their  calculation.  Often, 
such  surfaces  are  calibrated  with  experin'vental  data  of  only  one  type,  e.  g.,  an 
Arrhenius  equation  over  a limited  temperature  range.  Trajectory  calculations 
on  the  surface  are  then  used  to  refine  the  surface  to  the  experimental  data. 
Smith*^  has  emphasized  that  agreement  between  theory  and  experiment  is 
illusory  in  these  situations  unless  the  same  surface  can  predict  other  kinetic 
properties,  e.g.,  isotope  effects. 
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In  this  context,  the  H^Cl  system  is  extremely  valuable  because  of  the 
wealth  of  experimental  data  that  is  available.  Rate  coefficients  have  been  deter- 
mined for 


^8 

H + HC1(0)^=?H2  + Cl  (8) 

in  both  directions,  although  a discrepancy  persists  with  regard  to  the  ratio 

of  the  forward  and  backward  rate  coefficients.  In  addition,  a considerable 

amount  of  relative  rate  data  has  been  obtained  for  Reactions  (4)  and  (5)  and  the 

analogous  reactions  involving  H and  DCl;  however,  some  of  these  data  arc 

20 

contradictory.  De  Vries  and  Klein  determined  that  k^/k^  = 0.0  ± 0. 9 at 

7 1 

T = 295  K,  whereas  Wood  concluded  from  similar  room-temperature  experi- 
ments that  for  H + DCl,  D-atom  abstraction  was  20  times  more  likely  than 
Cl-atom  abstraction.  It  is  unlikely  that  both  of  these  results-  are  correct. 
Arnold!  and  Wolfrum^^  observed  that  H-atom  abstraction  is  relatively  slow 
even  for  HCl(v  = i)  and  that  the  removal  of  HCl(v  = 1 ) by  H-atoms  proceeds 
predominantly  by  other  channels.  They  could  not  distinguish  between  inelastic 
collisions  with  no  atom  exchange  and  reactive  collisions  involving  Cl-atom 
exchange.  These  data,  along  with  the  isotopic  results  presented  here  provide 
a very  useful  test  of  future  semiempirical  surfaces.  Clearly,  further  experi- 
ments are  needed  that  differentiate  between  Reactions  (4)  and  (5).  Temperature 
dependent  data,  even  for  the  overall  renioval  rate  of  HCl(v  = 1)  by  H,  would 
provide  valuable  information  about  the  potential  energy  surface  when  combined 
with  the  Arrhenius  equation  for  the  ground  state  reaction  kg. 


1 


22 

Recent  quantum  mechanical  calculations  for  the  H-F-H  surface  have 

brought  into  question  the  validity  of  the  semiempirical  approximations  to  that 

surface  that  are  generated  from  experimental  data  on  F + H2.  The  present 

23 

quantum  mechanical  calculations  on  the  H2CI  surface  are  considerably  less 
sophisticated  than  those  for  H2F.  More  precise  calculations  could  better  define 
the  minimum  basis  set  of  experimental  data  required  to  construct  a semi- 
empiriced  surface  with  good  predictive  power. 
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LABORATOkY  OPERATIONS 


Th»  L*bor.tory  Op*f«ti»ni  o(  Th*  Aer**p4ct  C.rpM**!*"  «ndttcHn| 
exp»rim«nt«l  .nd  theeretlc.l  inveitlg.Uen.  n»c«i.«ry  for  th*  .vilu.tloo  *nd 
applicition  ef  »cl«ntifi«  «dv4nc«»  te  new  military  concept*  and  »yetam».  Ver- 
• atility  and  flexibility  hava  been  developed  to  a high  degree  by  th*  laberatory 
p»r*onn*l  in  dealing  with  the  many  problem*  encountered  in  the  nation'*  rapidly 
developing  *p*c*  and  mleelle  eyetam*.  Expertlee  in  the  iMeet  acientiflc  deval- 
epment*  1*  vital  t*  tha  accemplienment  ef  ta.k*  related  t»  thee*  problam*.  Th* 
laboraterle*  that  centrlbute  to  thi*  reeearch  are: 


Aereohreic*  Laboratory;  Launch  and  reentry  aerodynamic*,  heat  tran*- 
far,  reentry  phyeic*.  cTci^l  kinetic*.  *tructural  mechanic*,  night  dynamie*. 
atrn**pheric  poliution.  and  high-pow»r  ga*  la**r*. 

Chemiatry  and  Phv»ic*  Laboratory.  Atmoepherlc  reaetien*  and 
Bharlc  optic*,  c'kemlcalroaction*  In  polluted  atmoephero*.  chemical  reaction* 
of  excited  epocie*  in  rochet  pluma*.  chemical  tharmedynamic*.  plaema  a d 
?a**r-i^ucS;  ‘Ictien*.  lae.r  chemiatry.  prepulai.n  7*;*  tVto 

.^"aLtlon  effect*  on  material*,  lubricatl.n  and  aurfaca  phenomena  photo- 
a^altiva  material*  and  aenaer*.  high  preciaien 

^tien  ef  phyaic*  and  cheml.try  to  problem,  of  Jaw  enf.rcemert  and  blemadleln*. 

rl.rtronic*  Reeearch  Laboratory:  Electremagnetie  theory,  device*,  and 
oropagatlon  pkenomeU"  Including  plaSna 

ia.ara  and  eUctro-optic*;  cemmunleation  acienca*.  applied  alactronic*.  aemi 
C.iiucti«  rup.rcenducti.:g.  and  cryatal  device  phy.ic*.  optical  and  acouatical 
‘muing;  ilm.rpherlc  pellution;  millimeter  wav*  and  far-infrarad  technology. 

Material*  Science*  Laboratery;  Development  ef  new  material*;  matal 
matrix^ompeatte*  anS  new  f.rmTTf  carben:  teat  and  evaluation  of  «r«pW»» 
and  caramic*  in  reentry;  ipaeacrafl  material*  and  electronic  cemponant*  in 
^«i:irT*apon*  *nlir.nm.m;  application  ef  fracture  mechanic,  to  atrea*  cer- 
reaien  and  fatigue -induced  fracture*  in  .tructural  metal*. 

Cnace  Science*  f ooralpry;  Atmoapherie  and  ionoapherlc  phyale*.  radia- 

'.'s  i:f rr 

maenetif  atorm*.  and  aelar  activity  en  th*  aarth’a  atmoapher*.  lenoaphara.  and 
mejnetoaphere:  the  affect*  of  optical,  alecliomagnetlc,  and  paniculate  radia- 
ttofii  In  »p4c«  on  ipftcc  iyit«m*. 

the  AEROSPACE  CORPORATION 
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